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Using the akandard compact tension specimen f F i g , H l ,  Parbizgag at 
a1 E1,21 have studied the interlaminar fracture Behavisur of unB- 
directional glasoBepoxy composite laminakes, rigorous fzacturs 
analysis of these tests was the objective of this investigation, 
Pn this papen, a short sumary  sf @be fractune analysis foPlovcd 
by a discuss ion  sf the results obtained is g iven ,  
KT ds,wg 4 %he standard compact tension specimen shown in Flg,P, 
Faraixgar tee a l  ! I p 2 2  have studied the interlaminar fracture 
behawisur of unidirectional, glass/epoxy composite (sC 
10021 matezial, fn that study, tests were carzied out by varying 
the fiber orientation ang~ex(~ig.f) with respeck to the plane of 
the i n i t i a l  crack, m e  open ciscles in Fig,% are the measured 
c r i t i c a l  loads P at t h e  onset of crack propagation Eor c)(;=o~~o: 
0 
49 Ce 6 0 ~  and 40 Since fracture in these tests takes place 
under V ~ I ~ I H I Q  degrees of in teaeacCi~n between the opening (mode f3 
and in-plane sliding (Mode HI) mdes the data is well suited for 
a critical evaluation of the predictability of lineaa elastic 
frackure aechanics approaches; 
The energy re?ease rate denoted by G provides a more u s e f u l  
parameter En the phenomenologicaP studp of interlaminar fracture 
in composites, It is mathematically well defined and physically 
measurable in experiments. Therefore* accurate ealeulatisn of the 
energy release .rate associated with assumed crack extension 
behaviou~ is an integral part of the fracture analysis. Finite 
element analysis happens to be an ideal tool for Ulis purpose, 
TRIPLT is tbe acronyn for a shear-flexible triangular laminated 
composite plate finite element and the associated structural 
analysis program that was used in the present study, The 
research and rationale Peading to the developmnt and evahuat8- 
of S"RIPLT is well documented in R e f  1[31 and hence only {its 
salient features are sumarised here. The triangular el t 
illustrated in Fig.3 has three nodal points located at its 
vertices and fifteen degrees of freedom are associated with each 
node, The mathematical formulation takes into account 
anisotropic elastic behaviour of constituent plies, bending- 
stretching coupling, and transverse shear deformation effects. 
Complete cubic polynomials are used to approximate the three 
displacement components (u,v,w) and the two rotations ( @ , e3 1 
X 
within the element. The displacements and rotations along with 
their first derivatives are chosen as the nodal parameters, 
enablihg direct evaluation of stress resultants at the nodes, 
The versatility of TRIPLT in providing accurate numerical 
solutions to some problems in mechanics of composites has been 
demonstrated I4,51. In this study, exploiting the pure 
stretching behaviour of the compact tension test specimen, all 
the bending egrees of freedom were suppressed in the analysis. 
From an elastic energy balance consideration, IrwinE61 showed 
that the strain energy released during an incremental crack 
extension in a coplanar fashion is equal to the work done in 
closing the crack to its original length. This statement in 
equation form is the well known crack closure integral. A novel 
finite element technique to evaluate the mode I(G 1 and mode 11 
I 
( G  components of the energy release rate G, based on 
ZI 
computing the crack closure integral has been proposed by 
Rybicki and Kanninent71. The accuracy (for a given mesh) and 
computational efficiency (for acceptable accuracy) of this 
technique can be considerably improved by employing a higher- 
order f i n i t e  element, model such as TRIPLT inseead of constant 
strain elements a s  advocated by Xybdcki and Kanre ice~;  The 
s i g n i f i c a n t  advantages of t h e  new method of analysis l51 are: (1) 
~t avoids dealing w i t h  the details of s i n q a l a r  stress 
d i s t r ibu t ion  around t h e  crack tip where there are the added 
complexities s f  material anisotropy and mode in terac t ion;  (21.  ~t 
permits separation of G into its components 6 and G in a mixed 
I I1 
mode problem; $31 It assures h i g h  accuracy even with a coarse 
mesh; ( 4 )  The finite element modelling does not require  special 
crack t i p  elements; and (5) The crack closure i n t e g r a l  i s  
evaluated directly from nodal forces and nodal displacements and 
henee s t r e s s  calculations are unnecessary, This teckinique was 
used in &he present study t o , c a l c u l a t e  G =: G -+ G as a function 
I I1 
s f K f o r  the cornpat t e n s i o n  specimen, 
The energy release rate analysis  described above assumes that t h e  
crack extension is coplanar w i t h  the i n i t i a l  crack, Bowever# as 
observed i n  t h e  experiments,  the damage zone cons is t s  primarily 
of sub cracks oriented along t he  f i b r e s  of the u n i d i r e c t i o n a l  
plies, W more r e a l i s t i c  energy release r a t e  analysis  of t h e  
compact tension specimen should therefore be based on non-coplar 
crack extension- The problem then is t o  evaluate the  energy 
release r a ~ e  associated with t h e  i n i t i a t i o n  of an infinite-simal 
kink AB as depicted i n  F i g . 4 ,  Let G be t h e  energy re lease  
ra te  f o r  t h e  i n i t i a t i o n  of the  in f in i t e s ima l  kink AB a t  an angle% 
with respect t o  the plane of %he i n i t i a l  crack, and let G (cl be 
B 
the  energy release r a t e  associated with hypothetical  propagation 
of an exis t ing  Rink AB of length c along its own plane. Then we 
(a 1 qse t h e  analysis by Bchikawa ad Tanaka $8,91 to calculate G as 
It is g r a t i f y i n g  to note -&ha& w e  can use the f i n i t e  element 
technique described in a previous paragraph to compute G (cl and 
IB 
G Qcl and hence G 
I I B  
The energy release gate analyses describe4 above suppose that the 
crack is exkending, without consi6cring the conditions necessary 
t o  okart and continue khe execnsion,  The purpose of a good 
f r ac tu re  c r i te r ion  is to represent the onset of? crack growth in 
terms sf basic material properties, whose predictions are i n  
agreewent w i t h  experimental data, The basic properties sf a 
unidirectional composite maeeriaPp which cowtrsl inteelaminar 
f ractune bekaviour are obviously the node I and mode EX 
components of interlaminar fraekure touchness denoted by G and 
IEC 
G respectively, I.$ is infornative $0 note that simple best 
PIC 
methods to determine G and G have been recently 
IC I X g :  
pzsposed 8%0,53, So, it is but natural $hat we look fo r  a 
f r a c t u r e  c a i t e r i o n  in terms of G and G The specific 
IC IIC 
criterion takes the form: 
Tbe material properties of SCmBPLZI 9002@ used in the present 
5 6 6 
study arc: E =5,8x%0 psip E =1,2xPO %,sfp G = 0 0 6  x 10 
L P LT 
psi, -9 1 0,26, G = 8,23 %bPinp 6 ~ 8 ~ 2 8 6 5  Pbdinr 
kT IC fa6C 
The compact tension specirnen(Fig.1) with a/w=0.5 Was discretized 
using the TRIPLY finite element mesh also ahown in Fig-1, The 
model comprises of 138 grid pints, 228 elements and 825 degrees 
of freedom, 
b e  accuracy 05 the calculated energy release rate G G + G 
P 11 t 
by the chosen method of analysis depends, in addition to the 
finite element mesht on the value of the incremental crack 
extension ba; used in the computation, W value ofm/a=8,825, 
used in the present studyt w a s  chosen after solving several bench 
mark problems and comparing the results with known solutions. 
For example, figure 5 compares the analytical solution of 
Kaminenilll for a double cantilever beam specimen (isotropic 
material) with the numericai results from the present analysis, 
me two solutions are in good agreement (within 2%) over a range 
of crack lengths, 
The adequacy of the chosen finite element m s h  t o  provide 
acceptable accuracy to the problem an hand was indirectly 
established by solving an otberwi~e identical ho 
isotropic case, The mode P stress f n t o m f t y  factor denoted by K 
I 
was c a l c u l a t e d  from t h e  computed value of G using $he well 
e 
P 
known r e l a t i o n s h i p  between K and G f l21,  Tbe noamalised s t r e s s  
I II: 
i n t e n s i t y  f a c t o r  TR Ed fi/~ = 9,3584 obtained i n  t h e  present 
I 
s tudy  is i n  c lo se  agreement with t h e  va lue  of 9,5676 repor ted  i n  
U s u m i n g  coplanar crack extension,  t h e  c o q u t e d  values of  $he 
8 
energy r e l e a s e  r a t e  G ,  are t abu la t ed  i n  Table 1 for 850~6 90 
and f o r  P=11,0 lb. The magnitude of G is  ebe h i g h e s t  for% r?j 
I 
and gradua l ly  decreases  w i t h a u p t o  70' and then  shows a  slight 
0 i nc rease ,  G increases  from zero  a tQX=O t o  its mximum value a t  
B T  
I& 0 d = 3 $  and then gradua l ly  approaches zero aga in  a t g =  90 . However, 
t h e  magnitude of G is very small i n  comparison wi th  G f o r  a l l  
11 I 
v a l u e s  o f a .  These r e s u l t s  toge ther  wi th  equa t ion  (11 a r e  used 
t o  p r e d i c t  t h e  Prsc ture  loads  presented i n  T&le  2. "rhe results 
a r e  a l s o  shown a s  s o l i d  c i r c l e s  i n  Fig,2,  The inc reas ing  d i s -  
crepancy between p red ic t i on  and test da t a  f o r  a o t h e r  than 0' is 
mainly a t t r i b u t e d  t o  t h e  assumption of  coplanar crack ex t ens ion  
made i n  t h e  energy r e l e a s e  rate a n a l y s i s ,  
As observed i n  experimentsr t h e  damage i n  t h e  i m e d i a t e  v i c i n i t y  
of t h e  crack t i p  c o n s i s t s  o f  subcracks  o r i en t ed  along t h e  f i b r e s  
of t h e  i nd iv idua l  p l i e s ,  The s i z e  o f  t h e  damage zone i n c ~ e a s e s  
wi th  appl ied  load upto a c r i t i c a l  s i z e  a t  which p o i n t  t h e  
specimen f a i l s  c a t a s t r o p h i c a l l y ,  To model t h i s  f a i l u r e  mode i n  a 
s i m p l i f i e d  manner, a  branch crack of length  c=a/28, o r i e n t e d  a t  
t h e  angle  wi th  respec t  t o  t h e  plane of t h e  i n i t i a l  crack was 
int roduced,  The conf i g u r a t i o n  was d i s c r e t i s e d  using t h e  TRLPLT 
element  mesh i l l u s t r a t e d  i n  Fig,6 c o n s i s t i n g  of 133  g r i d  9oints 
and 216 elemenes resulting i n  796 degrees  s f  freedom, "88ke 
c o q u t e d  v a l u e s  of G (cB and G (cP f o r  va r ious  v a l u e s  of  t h e  
PEP IIB 
angle coupled wi th  the f r a c t u r e  c r i t e r i o n ,  equa t ion  (lib were 
ueed t o  p r e d i c t  the f r a c t u r e  loads and t h e s e  a r e - p l o t t e d  a s  open 
s q u a r e s  i n  Pig ,2 ,  These a r e  i n  c l o s e r  agreement wieh tes t  d a t a  
t h a n  t h o s e  based on t h e  assumption of  s e l f  s i m i l a r  crack growth. 
S e v e r a l  s i m p l i f y i n g  assumptions,  made implbcitBy i n  t h e  a n a l y s i s  
appear  t o  be r e s p o n s i b l e  for  t h e  d i f f e r e n c e s  t h a t  s t i l l  e x i s t  
between t h e  p r e d i c t i o n  and test  d a t a  and t h e s e  are b r i e f l y  
d i s c u s s e d  i n  t h e  f o l l ~ w ~ n g ,  
The accuracy  of t h e  computed v a l u e s  of G'OU could n o t  be judged, 
s i n c e  no a l t e r n a t e  s o l u t i o n  was r e a d i l y  a v a i l a b l e  %OK t h e  
p a r t i c u l a r  problem, F u t t h e s  more, due t o  program l i m i t a t i o n s  
f u r t h ~ r  aeah ref inement  to check t h e  convergence of  t h e  s o l u t i o n  
was not at tempted,  Secondlya t h e  finite element a n a l y s i s  assumes 
l i n e a r  e l a s t i c  stress s t r a i n  response  w h i l e  t h e  m a t e r i a l  e x h i b i t s  
nond l inea r  behaviaur  e s p e c i a l l y  a t  f a i l u r e ,  F i n a l l y ,  the p r e s e n t  
a n a l y s i s  does no& account  f o r  t h e  growth of s u b c r i t i c a l  damage 
zones a t  t h e  crack t i p  on t%e c a l c u l a t e d  energy r e l e a s e  r a t e .  I t  
is hoped that  a r e f i n e d  a n a l y s i s  taking i n t o  account t h e  above 
factors w i l l  be a b l e  t o  f u r t h e r  reduce t h e  d i sc repancy  between 
p r e d i c t i o n  and test d a t a .  
CONCLUSIONS 
Based on the present study, the following conclusions can be 
drawn, 
1. Interlaminar fracture in unidirectional composites u n d e ~  
monotonically increasing load can be accurately predicted using 
linear elastic fracture mechanics, 
2, The energy release rate provides a more useful parameter in 
the phenomenological study of interlaminab fracture 111 
coxnpos i tes . 
3,  The finite element technique based on a high precision 
triangular finite element modal and computation of crack closure 
integral i s  useful to calculate the energy release rate 
associated with coplanar as well a non-coplanar crack extension, 
4,  The computed energy release rate alongwith the mixkd 
mode fracture criterion appears to predict, satisfactorilyr t h e  
interlaminar fracture behaviour sf unidirectional composites, 
5, A significant amount of work remains to be done ts 
generalise this approach for the prediction of the onset and 
growth of transverse cracking and' delamination in laminated 
composite panels subjected to stat,c and cyclic loads. In 
particular, the versatility and computational efficiency of the 
finite element technique used, in the present study can be 
significantly improved by using the substructuring approach 
successfully used in Ref t131, 
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Fig.1 Standard Compact Tension Spec..-:an and aks PREPLT Finite 
Element Model a/w =0.5, B/W-O,l. 
Fkg.2 Variation of Fracture Load with Fibre Orientation. 
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Fig-5 Comparison of Numerical Results with Analytical Solut- 
ions for a Double Cantilever Beam Test Specimen. 

